In this paper the stability of non-linear misaligned rotorbearing systems is investigated, using the Lyapunov direct method. A finite element formulation is used to determine the journal bearing pressure distribution Then the linear and nonlinear stiffness, damping and hybrid (depended on both displacements and velocity) coefficients are calculated. A general method of analysis based on Lyapunov's stability criteria is used to investigate the stability of non-linear misaligned rotor bearing systems. The equations of motion of the rigid rotor on the non-linear bearings are used to find a Lyapunov function using some of the above coefficients, which are depending on LID ratio and the misalignment angles of y The analytical conditions for the stability or instability of some examined cases are given and some examples for the orbital stability are also demonstrated.
I. INTRODUCTION
It is well known that in the rotor-bearing dynamic phenomena, the fluid film of the journal bearing under large amplitude vibrations introduces non-linear forces. Neglecting these forces introduces significant error. In such cases linear theory typically predicts vibration amplitudes larger than the bearing clearances. Furthermore, important vibration phenomena, such as subharmonic resonance and instability limit cycles, are 'filtered out" of the linear differential equations of the problem, thus giving fault predictions. On the other hand in the non-linear models the problems of stability and instability are more well posed.
An investigation of stability behaviour of rigid rotors supported on plain cylindrical bearings is important for a reliable bearing design. The dynamic stability of rotor bearing system, including non-linearities is a problem which attracted the attention a long time ago. Many theoretical and experimental investigations have been done, in which the stability of rotor bearing systems is examined. Dimarogonas [1] presented a general method for stability analysis of rotating shafts using a continuous rotor with any number of discontinuities and linear and non-linear forces. Some stability charts from experimental investigations of linear stiffness and damping coefficients are given by Glienicke [21 The stability of a rigid rotor in oil journal bearings including the effect of elastic distortion in the bearing liner is investigated by Majumdar, Brews and Khonsari [31 Crosby [4] investigated the stability of a rigid rotor in rapture finite journal bearings, using numerical methods and solving the non-linear equations of motion. The stability of oil whirl and whip in Rotor-Bearing systems is investigated by Muszynska [5) and [6] , using experimental and analytical techniques Parszewski and Krynicki [7] presented the method for rotor bearing system stability using the bearing shape function presentation. Ogrodnik et al [8) examined the stability of a rigid rotor with varying degrees of static journal-bush misalignment They gave orbits in which the effect of static and dynamic misalignment in the system stability is presented. A general method of analysis based on Lyapunov's direct method for studying the dynamic stability of elastic rotor linear bearing systems was proposed by El-Marhomy and Schlack Jr [91
The stability of non-linear bearing system, solving numerically the equations of motion, is presented by Hashish, Sankar and Osman [10) . Some orbits with different initial conditions are plotted and stability diagrams are also presented. Adams [11] developed a general analysis to simulate steady state and transient vibration phenomena of complex rotor-bearing support systems.
Orbits for some non-linear cases are presented. Crooijmans et all [12] presented an analysis of the self excited vibrations of a rotor carried in cylindrical bearings w y' 'PR FIGURE 1: GEOMETRY OF THE JOURNAL BEARING.
As it is known for aligned linear journal-bearing 8 dynamic coefficients (4 stiffness and 4 damping) are used. When misalignment occurs then 32 linear coefficients are introduced, which relate the force or moment with displacement or rotation. These 32 linear coefficients were calculated by Pafelias in [161 where the effect of the journal misalignment on the journal-bearing dynamics was examined. The present paper is extended to non-linear cases, where the dynamic coefficients, as it will be seen, are much mom In details one could follow this extension in (13) .
Bannister [17] investigated the non-linearities into a partial journal bearing using experimental and numerical techniques. In his analysis the misalignment effects are also included.
The purpose of this paper is to present the effects of misalignment on both the dynamic coefficients and the stability of non-linear journal-bearings systems, giving analytical conditions for this stability. This is done by modelling the system as a continuous rigid rotor mounted on misaligned bearing with various non-linear coefficients using the sense of Lyapunov which defines the stability of stationary equilibrium position. With the method presented one could conclude for the stability of an analogue system without solving the equations of motion. These stability criteria are tested by comparing with stability regions found in the sense of Poincare' which defines the orbital stability. In this paper also the stability is examined using the hybrid coefficients introduced and defined in [13] .
REYNOLDS EQUATION.
Let us consider a journal bearing with geometric characteristics as shown in figure 1, with laminar flow incompressible oil film and constant viscosity of the lubricant Neglecting the body forces, and the variation of the pressure across the film Thus a finite element algorithm, using linear triangular elements, was programmed to solve the Reynolds equation based on Huebner formulation [14] . In this formulation the true pressure distribution in an incompressible lubricant film minimises the discretized power functional,
where Q = 1{(71 A Pi 12p In its discretized form, he problem is solved by minimising the system functional (4) with respect to the unknown (generally interior) nodal pressures subjected to the no negativity constraint(s), 0 (3) This is a simple cavitation algorithm suitable for the simple linear triangular finite element used. Other cavitation algorithms require other finite elements, like four or eight node quadrilateral elements. But a major disadvantage with elements other than the triangle is that closed integration over the element may not be possible. Thus numerical integration by Gaussian quadrature or some other algorithms becomes necessary. This entails extra computation time, and the resulting improvement in accuracy may not always warrants the more elaborate procedure. Clearly, for coarser meshes the solution becomes too inaccurate, and for finer meshes there is little change in the results obtained.
For a given external loading condition, the static equilibrium position of the journal center can be found by equating the hydrodynamic forces with externally applied load. A two dimensional Newton -Raphson search technique is applied for the calculation of the equilibrium position of the journal center The stability of a non-linear rotor bearing system using Lyapunov functions depends on the sign of the non-linear stiffness, damping and hybrid terms In the case where the positive or negative definiteness of the Lyapunov function and of his time derivative can not be found, the method can not be applied, and other stability methods have to be used.
Linear theory predicts journal to bearing vibration amplitudes larger than the bearing clearances Non-linear theory are more well posed for stability and instability problems
